Background: Inducing endoplasmic reticulum (ER) stress is a novel strategy used to treat malignancies. Inhibition of histone deacetylase (HDAC) 6 by the HDAC inhibitor panobinostat hinders the refolding of unfolded proteins by increasing the acetylation of heat shock protein 90. We investigated whether combining panobinostat with the proteasome inhibitor bortezomib would kill cancer cells effectively by inhibiting the degradation of these unfolded proteins, thereby causing ubiquitinated proteins to accumulate and induce ER stress. Methods: Caki-1, ACHN, and 769-P cells were treated with panobinostat and/or bortezomib. Cell viability, clonogenicity, and induction of apoptosis were evaluated. The in vivo efficacy of the combination was evaluated using a murine subcutaneous xenograft model. The combination-induced ER stress and ubiquitinated protein accumulation were assessed.
Background
A new therapeutic approach to advanced renal cancer is urgently needed because there is presently no curative treatment, and one innovative treatment strategy used against cancer is to induce endoplasmic reticulum (ER) stress and ubiquitinated protein accumulation [1] . Protein unfolding rates that exceed the capacity of protein chaperones cause ER stress, and chronic or unresolved ER stress can lead to apoptosis [2] . On the other hand, unfolded proteins that fail to be repaired by chaperones are then ubiquitinated and the accumulation of these ubiquitinated proteins is also cytotoxic [3] .
Histone deacetylase (HDAC) 6 inhibition acetylates heat shock protein (HSP) 90 and suppresses its function as a molecular chaperon, increasing the amount of unfolded proteins in the cell [4] . Because these unfolded proteins are then ubiquitinated and degraded by the proteasome [5] , HDAC6 inhibition alone is thought to cause no or only slight ER stress and ubiquitinated protein accumulation if the proteasome function is normal. We thought that combining an HDAC inhibitor with the proteasome inhibitor bortezomib would cause ER stress and ubiquitinated protein accumulation synergistically because the increased ubiquitinated proteins would not be degraded by the inhibited proteasome.
Panobinostat is a novel HDAC inhibitor that has been clinically tested not only in patients with hematological malignancies [6, 7] but also patients with solid tumors, including renal cell carcinoma [8, 9] . Bortezomib has been approved by the FDA and widely used for the treatment of multiple myeloma [10] .
In the present study using renal cancer cells, we investigated whether the combination of panobinostat and bortezomib induces ER stress and ubiquitinated protein accumulation, and kills cancer cells effectively in vitro and in vivo.
Methods

Cell lines
Renal cancer cell lines (Caki-1, ACHN, and 769-P) were purchased from the American Type Culture Collection (Rockville, MD). Caki-1 cells were maintained in MEM, ACHN cells in DMEM, and 769-P cells in RPMI medium, all supplemented with 10% fetal bovine serum and 0.3% penicillin-streptomycin (Invitrogen, Carlsbad, CA).
Reagents
Panobinostat and bortezomib were obtained from Cayman Chemical (Ann Arbor, MI) and LC Laboratories (Woburn, MA), respectively, dissolved in dimethyl sulfoxide (DMSO), and stored at −20°C until use.
Evaluating effect of the combination of panobinostat and bortezomib on cell viability and colony formation
For cell viability assay, 5 × 10 3 cells were plated in a 96-well culture plate one day before treatment and treated with panobinostat (25-50 nM) and/or bortezomib (5-15 nM) for 48 hours. Cell viability was evaluated by MTS assay (Promega, Madison, WI) according to the manufacturer's protocol. For colony formation assay, 1 × 10 2 cells were plated in 6-well plates one day before treatment and cultured for 48 hours in media containing 50 nM panobinostat and/or 10 nM bortezomib. They were then given fresh media and allowed to grow for 1-2 weeks, depending on the cell line. The number of colonies was then counted after fixing the cells with 100% methanol and staining them with Giemsa's solution.
Evaluating effect of the combination of panobinostat and bortezomib on induction of apoptosis 1.5 × 10 5 cells were plated in a 6-well culture plate one day before being cultured for 48 hours in medium containing 50 nM panobinostat and/or 10 nM bortezomib.
Induction of apoptosis was evaluated, using flow cytometry, by annexin-V assay and cell cycle analysis. For annexin-V assay the harvested cells were stained with annexin V according to the manufacturer's protocol (Beckman Coulter, Marseille, France). For cell cycle analysis the harvested cells were resuspended in citrate buffer and stained with propidium iodide. They were then analyzed by flow cytometry using CellQuest Pro Software (BD Biosciences, San Jose, CA).
Murine xenograft model
The animal protocol for this experiment has been approved by the institutional Animal Care and Use Committee of National Defense Medical College. 5-week-old male nude mice (strain BALB/c Slc-nu/nu) were purchased from CLEA (Tokyo, Japan). The animals were housed under pathogen-free conditions and had access to standard food and water ad libitum. 1 × 10 7 Caki-1 cells were subcutaneously injected into the flank and treatments were initiated 4 days after the injection (day 1), when the tumors became palpable. The mice were divided into 4 groups of 5, the control group receiving intraperitoneal injections of DMSO and the other groups receiving either panobinostat (2 mg/kg) or bortezomib (60 μg/kg) or both. Injections were given once a day, 5 days a week, for 2 weeks. Tumor volume was estimated as one half of the product of the length and the square of the width (i.e., volume = 0.5 × length × width 2 ).
Western blotting
Cells were treated under the indicated conditions for 48 hours and whole-cell lysates were obtained using RIPA buffer. Equal amounts of protein were subjected to SDS-PAGE and transferred onto nitrocellulose membranes that were then probed with antibodies specific for glucose-regulated protein (GRP) 78, ubiquitin (Santa Cruz Biotechnology, Santa Cruz, CA), actin (Millipore, Billerica, MA), HSP70, endoplasmic reticulum resident protein (ERp) 44, endoplasmic oxidoreductin-1-like protein (Ero1-L)α, cleaved poly(ADP-ribose) polymerase (PARP) (Cell Signaling Technology, Danvers, MA), acetylated α-tubulin (Enzo Life Sciences, Farmingdale, NY), and acetylated histone (Abcam, Cambridge, UK). This probing was followed by treatment with horseradish-peroxidase-tagged secondary antibodies (Bio-Rad, Hercules, CA) and visualization by chemiluminescence (ECL, Amersham, Piscataway, NJ).
Statistical analyses
The combination indexes were calculated using the Chou-Talalay method and CalcuSyn software (Biosoft, Cambridge, UK). The statistical significance of observed differences between samples was determined using the Mann-Whitney U test (StatView software, SAS Institute, Cary, NC). Differences were considered significant at p <0.05.
Results
Combination of panobinostat and bortezomib inhibited renal cancer growth synergistically
We first investigated the combined effect of panobinostat and bortezomib on renal cancer cell viability by MTS assay. Panobinostat and bortezomib each inhibited the growth of renal cancer cells in a dose-dependent fashion, and the combination did so more effectively than either did by itself ( Figure 1A) . Analysis using the Chou-Talalay method indicated that the effect of the combination was synergistic (combination index <1) in many of the treatment conditions ( Table 1 ). We then investigated whether the combination affects the clonogenic survival of renal cancer cells. Colony formation assay revealed that the combination suppressed colony formation significantly and did so significantly more than did either panobinostat or bortezomib alone ( Figure 1B) .
We also used a subcutaneous xenograft mouse model to test the efficacy of the combination therapy in vivo. A 10-day treatment with panobinostat and bortezomib was well tolerated and suppressed tumor growth significantly (Figure 2 ). The p values at day 12 were 0.0283 for the control group and combination group, 0.0283 for the bortezomib group and combination group, and 0.0472 for the panobinostat group and combination group. The average tumor size at day 15 was 520 ± 175 mm 3 (mean ± SE) in the vehicle-treated mice and was 266 ± 39 mm 3 in the combination-treated mice. Thus the combination of panobinostat and bortezomib was shown to be effective for suppressing renal cancer growth both in vitro and in vivo. Figure 1 The combination of panobinostat and bortezomib inhibited renal cancer growth effectively. A, MTS assay results (mean ± SD, n = 6) after cells were treated for 48 hours either with bortezomib or panobinostat alone or with bortezomib and panobinostat together. B, Colony formation assay results (mean ± SD, n = 3) after 1-2 week incubation in control media (C) or media containing 50 nM panobinostat (P) and/or 10 nM bortezomib (B). *p = 0.0495; **p = 0.0463.
Combination of panobinostat and bortezomib induced apoptosis
The combination increased the annexin-V fluorescence intensity (up to 19.4-fold compared with control vehicle) ( Figure 3A ) and also increased the number of the cells in the sub-G1 fraction (up to 70.5%) ( Figure 3B ). Thus the combination of panobinostat and bortezomib was demonstrated to induce apoptosis in renal cancer cells.
Combination of panobinostat and bortezomib induced ER stress and ubiquitinated protein accumulation synergistically
The combination induced ER stress synergistically as indicated by the increased expression of ER stress markers such as GRP78, HSP70, ERp44, and (except in 769-P cells) Ero1-Lα ( Figure 4A ). As expected, the combination induced ubiquitinated protein accumulation synergistically ( Figure 4B ): in Caki-1 and 769-P cells, 10 nM bortezomib alone did not cause ubiquitinated proteins to accumulate but in combination with 50 nM panobinostat increased the accumulation of ubiquitinated proteins markedly. In ACHN cells, 10 nM bortezomib caused ubiquitinated protein accumulation and the accumulation was synergistically enhanced by 50 nM panobinostat. Acetylation of α-tubulin by panobinostat is consistent with HDAC6 inhibition because α-tubulin is one of the important substrates of HDAC6. Interestingly, the combination also enhanced the acetylation of histone and α-tubulin synergistically in Caki-1 and ACHN cells. In 769-P cells, the combination enhanced the acetylation of α-tubulin but not that of histone.
Histone acetylation was a consequence of ubiquitinated protein accumulation
We then investigated the relationship between histone acetylation and ubiquitinated protein accumulation. Panobinostat caused histone acetylation in a dose-dependent fashion in all the cell lines but did not induce ubiquitinated protein accumulation ( Figure 5A) . Bortezomib, on the other hand, caused both ubiquitinated protein accumulation and histone acetylation in a dose-dependent fashion in Caki-1 and ACHN cells but did not cause histone acetylation in 769-P cells ( Figure 5B ). This is in accordance with the result that the combination did not enhance histone acetylation in 769-P cells despite inducing ubiquitinated protein accumulation in them ( Figure 4B ). We inferred from these results that the histone acetylation the combination caused in Caki-1 and ACHN cells was a consequence of ubiquitinated protein accumulation.
Discussion
Inducing ER stress and ubiquitinated protein accumulation is a novel approach to cancer therapy. The combination of an HDAC inhibitor and bortezomib is one of the combinations that might be expected to do it. The combination of panobinostat and bortezomib has recently been investigated mainly in hematological malignancies [11, 12] . It has been reported that the combination of bortezomib and the HDAC inhibitor suberoylanilide hydroxamic acid inhibits renal cancer growth by causing accumulation of ubiquitinated proteins and histone acetylation [13] , but that study did not show the relationship between ubiquitinated protein accumulation and histone acetylation. In the present study, using panobinostat, a more potent HDAC inhibitor (acting at nanomolar concentrations, whereas suberoylanilide hydroxamic acid acts at micromolar concentrations), we investigated the effect of the bortezomib-panobinostat combination on renal cancer growth as well as further mechanisms of the combination of bortezomib and an HDAC inhibitor. Figure 2 The combination of panobinostat and bortezomib suppressed tumor growth in vivo. A murine subcutaneous tumor model was made using Caki-1 cells, and the control group received intraperitoneal injections of DMSO, while other groups received either panobinostat (2 mg/kg) or bortezomib (60 μg/kg) or both. Injections were given once a day, 5 days a week, for 2 weeks. The 10-day treatment was well tolerated and suppressed tumor growth significantly (mean ± SE; p = 0.0283 at day 12). Inhibition of HDAC6 acetylates HSP90, abrogating its function and increasing the amount of unfolded proteins [4] . We think that bortezomib inhibits degradation of unfolded proteins increased by panobinostat, which induces ER stress and ubiquitinated protein accumulation. Accumulation of unfolded proteins, or ER stress, activates a signaling pathway known as the unfolded protein response (UPR), which leads to increased transcription of ER folding and quality-control factors [14] . In the present study we showed the induction of ER stress by detecting the increased expression of UPR-related proteins: GRP78, HSP70, Ero1-Lα, and ERp44. GRP78 is a master regulator for ER stress because of its role as a major ER chaperone as well as its ability to control the activation of UPR signaling [15] . HSP70 is a molecular chaperone localized in the cytoplasm but associated with the regulation of the UPR by forming a stable protein complex with the cytosolic domain of inositol-requiring enzyme 1α [16] . Ero1-Lα regulates oxidative protein folding by selectively oxidizing protein disulfide isomerase [17] , one of the key players in the control of disulfide bond formation [18] . ERp44 forms mixed disulfides with Ero1-Lα and may be involved in the control of oxidative protein folding [19] . The increased expression of these ER stress-related proteins thus confirmed that ER stress was induced by the combination of panobinostat and bortezomib.
Acetylation of α-tubulin, one of the important substrates of HDAC6 [20] , is consistent with the inhibition of HDAC6 by panobinostat. Interestingly, panobinostat itself did not cause marked ER stress even though it inhibited HDAC6 function. This may be because the (See figure on previous page.) Figure 3 The combination of panobinostat and bortezomib induced apoptosis in renal cancer cells. Cells were treated for 48 hours with 50 nM panobinostat with or without 10 nM bortezomib. The combination increased the annexin-V-FITC fluorescence intensity (A) and increased the number of the cells in the sub-G1 fraction (B). Relative annexin-V-FITC fluorescence intensity (control = 1) is shown in the insets. White, control; red, treated. The percentage of cells in the sub-G1 fraction is shown in the graph. Representative results are shown. Figure 4 The combination therapy induced ER stress and histone acetylation in renal cancer cells. The 48-hour treatment with the combination of panobinostat and bortezomib induced ER stress synergistically as indicated by the increased expression of GRP78, HSP70, ERp44, and Ero1-Lα (A). It also caused ubiquitinated protein accumulation in all the cell lines synergistically and enhanced histone and also α-tubulin acetylation in Caki-1 and ACHN cells. In 769-P cells, the combination enhanced the acetylation of α-tubulin but not that of histone (B). The dashed lines in the Caki-1 results in parts A and B indicate that the order of the bands has been rearranged from the original gel. unfolded proteins increased by panobinostat can be degraded immediately by the proteasome if its function is not suppressed. This explanation is consistent with the result that panobinostat induced marked ER stress only when combined with bortezomib.
The combination induced ubiquitinated protein accumulation synergistically. This is because panobinostat increased unfolded proteins, which were then ubiquitinated, and bortezomib inhibited their degradation. The ubiquitinated protein accumulation is also in accordance with the above-discussed enhanced ER stress induced by the combination because ER stress is induced by the accumulation of unfolded proteins in the cell, and many of these unfolded proteins are ubiquitinated. Not only are ubiquitinated proteins themselves toxic to tumor cells [3] , some of them may be important molecules for cancer cell survival (such as transcription factors and signal transduction molecules) that have lost their function because of unfolding and ubiquitination, presumably leading to the inhibition of multiple signal transduction pathways. Furthermore, the inhibition of NF-kB is thought to play an important role in the combination therapy with panobinostat and bortezomib because of the accumulation of undegraded IkB, a suppressor of NF-kB [21] . Jiang XJ et al. reported that the combination of panobinostat and bortezomib activated caspases and down-regulated antiapoptotic proteins such as XIAP and Bcl-2 through inhibition of the AKT and NF-kB pathways [11] . The combination is thus thought to inhibit cancer growth by diverse mechanisms other than the induction of ER stress and ubiquitinated protein accumulation.
In Caki-1 and ACHN cells the combination of panobinostat and bortezomib not only caused ubiquitinated protein accumulation but also enhanced histone acetylation. In these cell lines, panobinostat alone caused histone acetylation but not ubiquitinated protein accumulation, whereas bortezomib alone induced both ubiquitinated protein accumulation and histone acetylation. We therefore think the histone acetylation in these cell lines is a consequence of ubiquitinated protein accumulation, which is consistent with the results of a previous study using prostate cancer cells [22] . In 769-P cells, on the other hand, the combination enhanced ubiquitinated protein accumulation but not histone acetylation. This is, however, also in accordance with the result that bortezomib alone did not cause histone acetylation in 769-P cells. In Caki-1 and ACHN cells, HDAC function decreased by ubiquitination may be one explanation. In 769-P cells, bortezomib alone seems to even decrease histone acetylation. Ubiquitination may result in the HDAC activity in 769-P cells being higher than the histone acetyltransferase activity there. However, further study will be needed to clarify the exact mechanism of this decreased histone acetylation.
The combination of panobinostat and bortezomib has also been tested clinically, mainly in patients with hematological malignancies. In the most recent phase-II study enrolling 55 patients with relapsed and bortezomibrefractory myeloma [23] , the patients were treated with eight 3-week cycles of 20 mg panobinostat three times a week and 1.3 mg/m 2 bortezomib twice a week with 20 mg of dexamethasone four times a week on weeks 1 and 2. If the patients showed clinical benefit, then they were treated with 6-week cycles of panobinostat three times a week and bortezomib once a week on weeks 1, 2, and 4 with dexamethasone on the days of and after bortezomib. In that study the overall response rate was 34.5%, the clinical benefit rate was 52.7%, and grade 3 or 4 adverse events were thrombocytopenia (63.6%), fatigue (20.0%), and diarrhea (20.0%). Two limitations of our in-vivo study are that it could not provide information about whether the doses we used in mice were equivalent to those used in humans and that it lacked a proper assessment of side effects. This study is, however, the first to show the beneficial combined effect of panobinostat and bortezomib in renal cancer cells, and it provides a basis for testing the combination in clinical settings.
Conclusions
Panobinostat inhibits renal cancer growth by synergizing with bortezomib to induce ER stress and ubiquitinated protein accumulation. Histone acetylation may be another important mechanism of action. This is the first study to demonstrate the combination's effect on renal cancer cells both in vitro and in vivo, and it provides a basis for testing the combination in patients with advanced renal cancer.
